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Abstract 
Ambient wet-bulb temperature measurement is critical in the water-cooled chiller plant system to enhance the holistic energy 
efficiency through advanced control strategies, such as the cooling tower temperature relief, condenser water supply temperature 
reset, and so on. The outside air (OA) wet-bulb temperature is usually measured either by a psychrometer or a combination of an 
OA relative humidity sensor and an OA dry-bulb sensor. However, these conventional measuring devices are notoriously costly 
and frequently problematic in consideration of the accuracy and reliability. This paper proposes a black-box-based virtual 
ambient wet-bulb sensor through adopting a low-cost but relatively accurate dry-bulb temperature sensor and the local weather 
data, either the typical meteorological year (TMY) weather data or the real-time weather data available online. Further, a 
dynamic real-time calibration algorithm was simultaneously developed to minimize the measurement error. A case study in a ten-
story office building in Austin, Texas was implemented to demonstrate the feasibility of this strategy. It reveals that the virtual 
sensor combined with the uniquely developed control algorithm could greatly improve the readings of the ambient wet-bulb 
temperature, thus guarantee the in-field chiller plant performance optimization as expected by the proposed control strategies. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of organizing committee of the International Conference on Sustainable Design, Engineering 
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1. Introduction 
In large commercial buildings, the central chiller plant, especially the water-cooled type, is widely adopted as 
major cooling source, which includes chillers, cooling towers, the water distribution system and the condenser water 
distribution system. The energy performance of the water-cooled chiller plant could be improved through resetting 
the chilled water supply temperature (ChWST), resetting the condenser water supply temperature (CWST), using 
variable flow under partial load scenarios and optimizing the chiller staging control algorithm (Liu, Claridge and 
Turner 2009).  
The measure of CWST reset is to decrease the CWST, which is realized through the optimal cooling tower 
control. The ambient wet-bulb temperature is frequently adopted as the indicator for the CWST setpoint reset 
schedule to maximize the chiller energy efficiency; therefore, both the ambient wet-bulb temperature sensor 
accuracy and long-term stability are critical during its implementation period. Currently, wet-bulb temperature is 
measured either by a psychrometer or a combination of the OA dry-bulb temperature (Tdb) and relative humidity 
(RH) sensor. These traditional methods use physical sensors, which are notoriously costly and problematic 
considering the sensor accuracy and reliability.  
Over the past decades, virtual meters or sensors have been rapidly developed and widely adopted within a number 
of different fields especially in the process controls and automobiles, and have enabled many intelligent features that 
would otherwise not be possible and economical. In the building section, virtual sensor technology also shows a 
promising application and provides a niche for replacing the conventional physical sensors to benefit from the 
unique advantages of the virtual sensors, such as low-cost, easy maintenance, high-accuracy guaranteed, etc. 
(Gawthrop, 2005; Gustafsson, 2001; Kestell, 2001; Jos de Assis 2000) 
This study develops a virtual sensor for measuring the ambient wet-bulb temperature using the ambient dry-bulb 
temperature combined with a specific control algorithm, a real-time online dynamic calibration procedure to improve 
the sensor accuracy and minimize the error. The developed control algorithm could also be adopted as a stand-alone 
strategy to decrease the deviation of a physical ambient wet-bulb temperature sensor adopted for the CWST control 
of the water-cooled chiller plants. 
 
Nomenclature 
db dry-bulb  
dp  dew-point 
wb wet-bulb 
CT          cooling tower 
TMY      typical metrological year 
VFD       variable frequency drive 
CWST    condensing water supply temperature 
ST           setpoint 
2. Sensor development 
Generally, according to the modeling methods utilized during the virtual sensors development process, it could be 
classified into three categories, black-box data driven method, grey-box method and the first principle model-driven 
(white-box) method. Black-box approaches utilize empirical correlations without any knowledge of the physical 
process. A grey-box method utilizes a combination of physical and empirical models in estimating the output of an 
unmeasured process. A first-principle (physical or white-box) virtual sensor is most commonly derived from 
fundamental physical laws and has parameters with some physical significance.        
Figure 1 describes the general steps in the process of virtual sensor development. The process can be defined in 
terms of three major steps, data pre-processing, sensor development, and sensor calibration and implementation. The 
details of each step are illustrated in Figure 2 and 3 respectively.  
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Fig. 1. General Procedure for Virtual Sensor Development 
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Fig. 2. Detailed Procedures during Sensor Development Phase 
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The virtual sensor development process is briefly illustrated in Figure 2 and each step is described as follows: 
 
• The first step is to collect the specific location information and acquire the corresponding weather data, 
either the local TMY (typical meteorological year) or the real-time weather data. The weather data is 
normally in an hour-by-hour format. 
• The pre-processing may include data pre-filtering, data outliers eliminating, or data format conversion. 
Depending on the availability of the Twb from the acquired weather data, experienced equations for Twb 
calculation on the basis of RH or Tdp may be required when only RH or Tdp is available.  
• Based on the Twb, either calculated or directly-obtained, a statistical analysis and nonlinear regression is 
implemented to get the relation between Twb and Tdb, which is the foundation of the developed virtual wet-
bulb temperature sensor.    
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Fig. 3. Detailed Procedures during Implementation Phase 
Figure 3 illustrates the sensor implementation for a water-cooled chiller plant system. The dynamic real-time 
calibration procedure is also integrated into the process to compensate for the sensor errors. 
The main purpose of the algorithm is to compensate for the error from the measured Twb value. In this process, 
the inputs include the ambient Tdb from the field temperature sensor, the CWST reading from the field temperature 
sensor, and cooling tower fan speed (VFD) signal. The CWST setpoint is composed by the ambient Twb, the 
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deviation and the approach. The deviation is defined as the error between the readings from virtual Twb sensor and 
true Twb value, and the approach should be the same as the approach value at cooling tower design condition. To 
prevent excessive cooling tower fan power consumption, the CWST setpoint could be at least 5°F (adjustable 
according to the design approach) higher than the ambient wet bulb temperature. Additionally, CWST should not be 
lower than 65 degree Fahrenheit for chillers made before 1999 and should not be lower than 55 degree Fahrenheit 
for newer chillers based on the information available from multiple chiller manufacturers. 
Through the PID control loop with CWST and its setpoint as inputs, the output, cooling tower fan speed, is 
adjusted to keep the CWST close to the setpoint. If the output is over 90% (54Hz) for a fixed time interval, such as 
five minutes, the deviation value will keep increasing with one degree step for each time slot. If the output is less 
than 90% but higher than 30%, the current deviation value is kept as default value, otherwise, decreasing the 
deviation with one degree step. For a chiller plant with multiple cooling towers, the minimum fan speed among all 
the enabled fans will be selected as the input.  
With this control algorithm, the cooling tower temperature relief could also be realized, i.e., the maximum fan 
speed value can be limited to follow the actual thermal load requirement, thus avoid the cooling tower over-running. 
3. Case study 
A ten-story office building, shown in Figure 4, located in Austin, Texas with a gross space area of 130,000 ft2 
was selected for this case study. The chilled water system consists of two 210-ton VFD centrifugal chillers and two 
20 hp variable speed pumps. The condensing water system consists of two cooling towers (CT) equipped with 
variable speed fans, a cooling tower bypass valve and two 15 hp constant speed pumps.  
 
                                                                                    b 
   a 
 
 
 
 
Fig. 4. (a) Building Facades and (b) Schematic of Chiller Plant System 
The original system CWST setpoint was a constant value at 85°F. When CT rotation function is enabled, the 
Lead CT Number will be switched between CT 1 and CT 2. CT fan is enabled when the CWST is greater than the 
corresponding setpoint. CT fan speed is through PID control to maintain the corresponding CWST setpoint.  
In this study, a local TMY3 weather data was selected to construct the virtual ambient wet-bulb temperature 
sensor. Since unavailable in the TMY3 dataset, the Twb data need to be calculated through either RH or Tdp data 
based on some experienced equations. As shown in Figure 5, the whole year hourly data (black dots) were mapped 
into the graph, and a nonlinear regression was adopted to acquire the relation (the black curve) between the Tdb and 
Twb in below equation:  
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         Twb = −0.0002Tdb3 + 0.0218Tdb2 − 0.0974Tdb +15.408(R2 = 0.8967)                                               (1) 
 
Then, the setpoint of the CWST (CWST SP ) can be calculated from below equation: 
 
        CWST SP=Twb,0 +Approach=(Twb,1 +Deviation)+Approach                                                (2) 
                                                       
CWST SP=max(CWST SP,55)                                                                                                            (3) 
 
    Fanspeed output =min(VFD[i]ON )                                                                                                   (4) 
 
Where,  Twb,0 =  the true ambient wet-bulb temperature (standard reference value) 
              Twb,1 =  the measured ambient wet-bulb temperature by the virtual sensor 
             Approach = the approach value for the cooling towers under the design condition 
            Deviation  = the difference between real-time value and the true value, equals to zero when VFD is OFF 
and is a dynamic value following the control algorithm when VFD is ON. 
              VFD [i] ON = the enabled fan speed reading of Cooling Towers 
 
After acquiring both the virtual wet-bulb temperature and the fan speed output, the dynamic calibration can 
proceed following the procedures as shown previously in Figure 3. 
 
 
Fig. 5. Ambient Tdb and Twb with TMY3 Weather Data of Austin, TX, USA 
The implementation of the virtual wet-bulb temperature sensor into the cooling tower fan VFD control 
guaranteed the accuracy of the condenser water supply temperature as low as possible, thus maximize the energy 
saving through the CWST SP reset control, especially profitable in Texas area with a typical hot and humid weather 
in cooling season. Lower condenser water supply temperature means higher chiller efficiency and less energy 
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consumption for compressors. Normally, in consideration of the cooling tower fan consumption, one-degree 
decrease on the CWST will results in 0.5% savings on energy consumption, thus energy savings can be about 
averagely 5% compared to the traditional constant condensing water temperature control, about averagely 2% 
savings even compared to the typical condense water temperature setpoint reset based on OA dry-bulb temperature. 
Additional measures are recommended to maximize the overall energy savings by CWST reset through minimize 
the cooling tower fan power consumption, such as use both two towers when one of the two chillers is used, never 
turn on the cooling tower fans until the condenser water bypass valve is completed off, balance the water 
distribution to the towers and within the towers. 
The field data monitoring shows that the real-time condense water supply temperature is pretty close to the 
corresponding to the proposed CWST setpoint related to the corresponding outside air wet-bulb temperature from 
the local weather data source, which proves the feasibility of the proposed wet-bulb temperature sensor combined 
with the control algorithm, and can also avoid the situation of sensor malfunction, out-of-calibration, i.e., 
meanwhile, it also has the function similar to the physical temperature calibration, i.e., soft calibration function.  
4. Summary 
In this study, a virtual ambient wet-bulb temperature sensor was developed through adopting a low-cost dry-bulb 
temperature sensor and local weather data. A real-time calibration algorithm as an indispensable component of the 
virtual sensor was also proposed to minimize the sensor measurement error. A case study in a ten-story office 
building in Austin, Texas demonstrated the whole process of the development and the feasibility of the virtual 
ambient wet-bulb temperature sensor. 
Future work may include: 1) further improvement on the dynamic calibration control algorithm, to optimize the 
fan speed to get an optimal balance between the chiller energy efficiency and the cooling tower fan power 
consumption; 2) field tests with the developed sensor under different climate scenarios besides the hot and humid 
climate; 3) integration of the virtual sensor into the building EMCS to utilize the current ambient wet-bulb 
temperature sensor reading for other control algorithms.   
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